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Abstract
A program to calculate gravity anomalies was coded. It was required to be accurate and
easy to use. Simple shapes were modeled to test the accuracy of the program. An actual
anomaly was also modeled. The program proved accurate and relatively easy to use and
modeled the real anomaly with an average error of 9.74%.
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1 Introduction
The study of minute changes in the Earth’s gravity, called gravity prospecting or geodesy, is
used by geophysicists to gather information about otherwise hidden features in the Earth’s
crust. Its applications range from determining the general structure and stratigraphy of a
region to finding hidden deposits of oil. [1]
While the physics underlying geodesy is based on Newton’s Law of Gravitation, it is
far from a simple field. Obtaining data in the first place is difficult as the gravity effects
of local masses are very small when compared with the background field of the Earth as a
whole. Corrections that need to be made to the raw data are complicated and can require
detailed knowledge of the terrain, elevation, flexure of the crust, and even relative positions
of the Moon and Sun. Calculating the gravity anomalies of simple shapes can be tedious
and time-consuming even with the use of a computer. Most daunting of all, potential field
inversion is not unique; that is, an observed gravity anomaly can be caused by more than
one configuration of densities. [1]
Until the solution to the inverse problem is discovered, gravity prospecting will continue
to be used mainly as a constraint on interpretations gathered by other methods, such as
seismic reflection and refraction. [1] Thus it is important to be able to calculate the gravity
anomaly due to configurations of different densities in order to validate (or discard) models
theorized using other methods.
A program for calculating two-dimensional gravity anomalies of varying configurations
was coded. The gravitational attraction of simple shapes were calculated and compared
in order to draw conclusions about how the configurations of the bodies affect the anoma-
lies. The anomaly of a real-life structure, the Kentucky Gravity High, was calculated and
compared to a set of observed data and a set of previously calculated data.
The program proved flexible enough to accomplish these tasks, and observations made
7
using the anomalies of the simple shapes were consistent with the general knowledge of the
field. The data calculated from the model of the KGH was reasonably close to observed data.
Potential improvements to the program include offering a greater range of basic shapes and
modes of input, and implementing faster algorithms.
Problem Statement
The first portion of our task involved locating a computer program to model gravity
anomalies. It was required to meet four criteria: free, easy to use, accurate, and easily
available. We chose the first three criteria as we felt they are what define a program that is
accessible to a well-informed public; that is, people who are not experts in geodesy but are
familiar with the basic concepts. This was our position at the beginning of the project. An
extensive search of the Internet did not yield any program that met our specifications. We
decided to code our own while adding the final requirement, since one cannot use a program
that one cannot find.
The second part of our task involved modeling simple shapes and comparing the resulting
anomalies in order to draw conclusions about how the configurations of the bodies affect the
anomalies. These exercises not only provided us with a greater understanding of potential
field inversion; they were useful to test the overall ease of use and precision of our program.
Finally, we needed a known configuration that had been calculated in the past in order to
verify the accuracy of our program. We chose the Kentucky Gravity High because it had been
modeled by Robert Hawman in his Master’s thesis. [2] He included his model configuration,
calculated gravity, and observed gravity. The KGH also shows a similar gravity profile to
the Midcontinent Rift, whose flanking lows have been shown to be the result of flexure due
to regional isostasy. [3] Compensating for flexure was a good test of the adaptability of our
program.
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2 Historical Background
Gravity Anomalies
Gravitation is defined as the attraction betwee two bodies. The force exerted is given by
Eq. (2.1) [4]:
F =
Gm1m2
r2
. (1)
m1 and m2 are the masses of the two bodies and r is the distance between their centers
of gravity. G is the gravitational constant, commonly defined as 6.67× 10−11 m3
kg·s2 . Thus the
acceleration on an object due to the Earth’s gravity is given by Eq. (2.2) [4]:
a = −GM
r2
, (2)
M being the mass of the Earth.
The Earth, however, is not a perfect sphere. It is more accurately described as an oblate
spheroid, as it bulges at the equator and is flattened at the poles. An oblate spheroid is
generated by rotating an ellipsoid around its minor axis. The polar flattening, or ellipticity,
is defined as [4]
f = (Re −Rp)/Re, (3)
Re and Rp being the radius at the equator and pole, respectively.
The ellipticity of the ellipse that best approximates the Earth is 1
298.247
. The distance
from the minor axis, to the first approximation, is [4]
r = Re(1− fsin2λ) (4)
where f is the ellipticity and λ is the latitude.
The rotation of the Earth also affects its gravity. A rotating reference frame is non-
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inertial. This introduces two extra terms, the Coriolis force and the centrifugal force. The
Coriolis force is perpendicular to the radius vector and thus can be ignored. The centrifugal
force points out along the radius vector and thus decreases the acceleration compared to a
situation where the Earth was not rotating. [5]
The combination of these adjustments produces a reference gravity formula. The one
adopted by the International Association of Geodesy in 1967 was [4]
g(λ) = ge(1 + αsin
2(λ) + βsin4(λ)). (5)
ge is gravitational acceleration at the equator, or 9.7803185
m
s2
, λ is the latitude, α is
0.005278895 and β is 0.000023462. About 40% of the variation in g due to latitude can be
attributed to the difference between an oblate spheroid and a sphere, while the rest is due
to centrifugal force. Gravity observations are expressed as deviations from this formula. [4]
The Earth is neither a perfect sphere nor a perfect oblate spheroid. Variations in topog-
raphy and density of the crust lead to deviations in the gravitational acceleration. Since the
ocean is comprised of a liquid, its surface will form an equipotential. Although the coast of
Japan may not be the exact distance from the center of the Earth as the shores of India, the
gravitational attraction of the Earth on a body is equal at both locations. Thus we can use
sea level as a baseline measurement anywhere in the world. This reference surface is called
the geoid. Its “average” shape is that of an apple (see Fig. 1). [4]
In gravity prospecting, gravitational acceleration is usually expressed in terms of milligals
(mGals or mgals). One gal, or Galileo, is equivalent to 1 cm
s2
; therefore one milligal is 10−5m
s2
.
Gravity on Earth’s surface varies by about 5000 mGal from the equator to the pole. [6]
Gravity measurements are taken using several methods. Initially, a plumb line with a
bob was used. A more modern instrument, called the gravimeter, makes use of measuring
the change in length of a spring with a weight attached. These are used on land and at
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Figure 1: Average Deviation of the Earth’s Surface from the Geoid (from [4])
sea. While the effects caused by the pitch and roll of a ship can be minimized, the same
techniques cannot be used in an aircraft; thus airborne measurements are impractical. [1]
The advent of artificial satellites has had a large positive impact on gravity measurements,
both from GPS technology and probes designed specifically to measure gravity anomalies
from orbit. [4]
Raw data must be subjected to several corrections before it can be used. Gravity anoma-
lies are intended to represent the deviation from the expected gravity measurement taken
on the geoid. Except in the case of marine measurements, the data is rarely taken at sea
level. The first correction is known as the free-air correction. It adjusts the data taking
into account the altitude at which the measurements were made, assuming there is no mass
(only “free air”, more accurately a vacuum) between the measurement and the geoid. The
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equation used is [4]
δgF =
2h
R
g0 (6)
where h is elevation and R is the radius of the Earth.
The Bouguer correction takes into consideration the material between the measurement
point and the geoid. The first-order correction accomplishes this by assuming there is an
infinite plane with the same height and density of the actual material, usually crustal rock.
The correction is given by [4]
δgB = 2piGρh, (7)
ρ being the density of the material between the measurement point and sea level.
While this is sufficient for most terrain, areas with rapidly changing topography require
a second-order adjustment. The procedure for the terrain correction involves dividing the
surrounding area into compartments and comparing their elevation with the elevation at
which the data was gathered. [1]
The gravitational pull by the Sun and Moon also has a small effect on anomaly measure-
ments. The Earth-tide correction can use the positions of the Sun and Moon at the time the
data was collected to compensate for the effect, although it is often incorporated into the
correction that compensates for the tendency of the instrument’s reading to drift over time.
[1]
Flexure and Isostasy
The definition of isostasy is “the approximate uniformity of mass per unit area over the
Earth’s surface, measured from some standard level surface in the interior [called the depth
of compensation]”. [7] It is the mechanism that explains why there seems to be a mass deficit
under mountain ranges. Two theories were put forth to explain isostasy. Both were based
on the premise that the Earth’s crust acts as a shell of uncoupled prisms. In 1859, John
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Henry Pratt hypothesized that the bottom of the prisms all lay at a uniform depth, and thus
lower-density prisms rode higher and formed mountains, while higher-density prisms sank
lower and formed valleys and ocean floors. This implies that mountain ranges are made of
a less dense material than valley floors. Airy theorized in 1855 that all prisms had the same
density; thus columns with more material extended further down into the mantle and higher
up out of the crust, like an iceberg in ocean water. This implies that mountain chains have
deep “roots” that extend into the denser mantle (see Fig. 2).
Figure 2: Pratt vs. Airy Models for Isostasy (from [6])
Since potential field inversion is not unique, there was no way to test which hypothesis
was correct until the advent of seismic profiling. It has since been concluded that while some
regions exhibit Pratt-type isostasy, the Airy model holds for the majority of the Earth’s
surface. [2]
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Both the Pratt and Airy models assume local isostasy, which means the compensation
occurs directly below the load. This treats the supporting material as a liquid. However,
most Earth materials exhibit some rigidity, and thus distribute the load over a wider area.
This model, known as regional isostasy, depends on the flexural rigidity of the supporting
material (see Fig. 3). [6]
Figure 3: Local vs. Regional Isostasy (from [6])
The first attempts at models of regional isostasy were made independently by Vening-
Meinesz (1941) and Gunn (1943). They proposed the outermost shell of the Earth can be
treated as an elastic plate, called the lithosphere, which floats on a perfect fluid, called the
asthenosphere. [8], [9]
If the problem is then reduced to two dimensions, it can be treated as the loading of an
elastic beam, which obeys the equation [10]:
D
dy4
dx4
+ (ρm − ρs)gy = 0. (8)
y is the vertical displacement, g is the acceleration of gravity, ρm is the density of the
asthenosphere (mantle), ρs is the density of the material infilling the deflection, and D is the
flexural rigidity (or “stiffness”) of the beam [10]:
D =
ET 3
12(1− σ2) . (9)
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E is Young’s modulus, σ is Poisson’s ratio, and T is the beam thickness. Figure 4 shows
examples for different values of D.
Figure 4: Different Values of Flexural Rigidity (from [4])
Kentucky Gravity High
The Kentucky Gravity High (KGH), also known as the East Continent Gravity High
or the Kentucky body, is an elongated region of high gravity anomaly. It is believed to
be part of the Keweenawan failed rift system which formed about a billion years ago. [11]
The KGH extends from Van Buren County in Middle Tennessee and runs north-northeast
to Lexington, Kentucky. It is approximately 275 km long and 50 km wide. The zone of
highest anomaly is approximately 100 km long and 30 km wide, and extends from Fentress
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County in Middle Tennessee to Rockcastle County in Kentucky. Surrounding the KGH are
two regions of gravity lows. The one on the western flank runs from Jackson County in
Middle Tennessee to Casey County in Kentucky. It is approximately 150 km long and 25 km
wide. The gravity low on the eastern flank runs from Walker County in Georgia to Union
county in East Tennessee. It is approximately 200 km long and 50 km wide. The eastern low
is somewhat masked by the effects of the Appalachian fold belt. The entire region varies by
about 90 mgals. [2] Figure 5 shows two maps of the KGH. While this project will be using the
Bouguer data, the isostatic map is shown here to more clearly illustrate the adjacent gravity
lows. The major discrepancies on the eastern sides of the maps are due to the Appalachian
Mountains.
3 Theoretical Approach
We decided to reduce our calculations to two dimensions and consider the gravity anomaly of
prisms of infinite length in the y-direction. The z-axis is vertical, and the y-axis is coming out
towards the viewer. For our purposes it was easier for points belowground to have a positive
z-coordinate. Although it is not used in our calculations, for completeness the y-direction
towards the viewer is negative.
For a cylinder infinitely long in the y-direction, the change in gravity tangential to the
surface is given by [4]
δgz =
2G∆ρpib2d
(x2 + d2)
. (10)
∆ρ is the difference in density between the cylinder and the material it is replacing, d is
the depth below the surface of the center, and b is the radius (see Fig.6).
If the circular cross-section of the prism is replaced with that of a square, this formula
can be used to model arbitrary shapes, if the size of the squares is relatively low compared
16
Figure 5: Bouguer and Isostatic Anomaly Maps of the Kentucky Gravity High
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Figure 6: Coordinate System and Cylinder of Infinite Length
to the overall area of the shape. The resulting anomaly for each square can be obtained by
δgz =
2G∆ρ4b2d
(x2 + d2)
. (11)
Using this method, we calculated anomalies due to prisms with cross-sections of cir-
cles, rectangles, right triangles, and flexure shapes. The displacements due to flexure were
calculated using a separate program.
The length of an anomalous mass must be at least ten times that of its depth to be
accurately modeled as infinitely long. [1] The Kentucky Gravity High has sufficient length
to model as infinitely long.
Since we were only concerned with first-order effects for the KGH, we ignored other
complicating factors such as the terrain correction and curvature of the Earth. Although the
KGH is near the Appalachian fold belt, the topography in the area does not vary so quickly
as to require a terrain correction. The longest linear calculation we worked with spanned
800 km; at 37deg N, this indicates a vertical disparity of 500 meters from one end to the
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other, two orders of magnitude lower than the shapes we will be dealing with and thus can
be ignored.
4 Procedures
We used MATLAB R© to calculate our gravity anomalies. [12] First we designed a function
to compute, at a given point, the anomaly due to a cylinder with a user-designed center,
radius, and differential density.
Next we coded functions that would calculate the anomaly of a shape given defining
parameters, differential density, and step size. The step size determined the spacing between
the centers of the squares used to estimate the area of the cross-section. We iterated over
the x and z values to obtain the anomalies due to the individual squares and summed them
for the total anomaly caused by the mass.
The rectangle function is limited to rectangles with edges parallel to the axes and requires
the coordinates of the top left (smallest x and z values) and bottom right (largest x and z
values) corners. The triangle function calculates triangles that can be made by cutting a
rectangle as defined above in half along a diagonal. The input parameters are the coordinates
of the 90-degree vertex (the “base”) and the opposite corner of the original rectangle (the
“opposite”).
The flexure shape function input parameters are the z-coordinate of the line being de-
flected from, and a 1x2 data matrix of regularly-spaced x-values and their corresponding
deflections. The step size is not given explicitly; it is calculated from the spacing of the
x-values.
The arbitrary shape function has only one input parameter, a 1x3 data matrix similar to
that of the flexure shape. The second column is the z-coordinates of the “top” of the shape
(less positive values) and the third is the z-coordinates of the “bottom” of the shape (more
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positive values). The defining functions may not intersect except at the endpoints.
We calculated the anomalies of three basic shapes in various configurations. They were
a circle, a square, and right isosceles triangle whose “base” was the corner with the least
positive x and z values.
Unless otherwise noted, the gravity anomalies were calculated for shapes with a step size
of 10 meters, a differential density of 500 kg
m3
and a center of (200, 90) km. The circles had a
radius of 20 km and the squares and triangles had sides of 40 km. For triangles, we defined
the “center” as the midpoint of the hypotenuse, and the “sides” as only the two edges that
are parallel to the axes. The anomalies were calculated every kilometer from 0 to 400 along
the x-axis.
We calculated the anomalies due to the three shapes with the same area and center of
mass. It was based off of the square with center (200, 90) and 40 km on a side. The circle
had a radius of 22.568 km; and the top triangle had a base of (181.144, 71.144) and an
opposite of (237.712, 127.712). They were calculated at (200, -999999.999) with step sizes of
1, 10, 100, and 1000 meters, and compared with the anomaly of the circle. These anomalies
were also calculated along the x-axis from -200 to 600 kilometers.
Next we calculated the anomalies of three squares of different sizes along the x-axis from
-200 to 600 km. They had sides of 20, 40, and 80 kilometers.
We calculated the anomalies of three circles with different depths. The centers were at
(200, 30), (200, 90), and (200, 150).
We also calculated the anomalies of the triangles for three different aspect ratios each
but the same total area. They were 16:1, 1, and 1:16, or 160 by 10, 40 by 40, and 10 by 160.
Next we modeled the density configuration given by Hawman in a flexure program (see
Fig. 7). The line across the Bouguer map in Fig. 5 shows the profile along which the model
was calculated. We used OSXFlex2D, a Macintosh program, to calculate the deflection
every 100 meters from 0 to 400 kilometers. [13] The specific shapes we used were a rectangle
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with corners (100, 15) and (145, 27), a rectangle with corners (210, 2) and (260, 27), and a
triangle with base (145, 27) and opposite (175, 15). These all had a differential density of
140 kg
m3
. Three flexure shapes were also used, all using the same deflection data calculated
from OSXFlex2D but deflecting from different layers. [13] The first line was the x-axis; this
was the surface sagging and being filled in with sediment. The differential density between
the sediment and the crustal material it was replacing is 40 kg
m3
. The second line was the top
of the broad layer 25 km down. The crustal material was replacing the heavier layer, thus
the differential density is -140 kg
m3
. The last line was the bottom of this layer at 34 km; the
lighter layer was replacing the heavier mantle, so the differential density is -300 kg
m3
. Since
this layer extends out far beyond the horizontal area shown in the figure, it was not included
in the calculations as it would have the same effect on all points.
Figure 7: Hawman’s Calculated and Observed Gravity of the KGH
We compared the resulting anomaly with observed data obtained from the USGS. [14]
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Table 1: Gravity anomalies (in mgals) on a point arbitrarily distant, compared to that of a
cylinder
step size (m) rectangle % error %error
stepsize
triangle % error %error
stepsize
1 1.0678E-07 0.0050% 5.0001E-05 1.0678E-07 0.0034% 3.3853E-05
10 1.0683E-07 0.0500% 5.0006E-05 1.0680E-07 0.0228% 2.2832E-05
100 1.0731E-07 0.5006% 5.0063E-05 1.0709E-07 0.2881% 2.8813E-05
1000 1.1218E-07 5.0625% 5.0625E-05 1.1032E-07 3.3125% 3.3125E-05
Since the “expected” zero anomaly can vary between data sets, we adjusted our data verti-
cally until it gave the best fit. The percent error was then calculated for each point. As we
do not have Hawman’s exact data, only Figure 7, it was compared visually. [2]
5 Results
There were two likely sources of errors between our calculated anomalies and actual anomalies
due to our models. The first stemmed from the adjustment we made to the infinite cylinder
function in equation 11 and the second resulted from when the tiny squares did not exactly
fit the shape being modeled. Because of the way the program was coded, there was no easy
method of distinguishing how much error could be attributed to one or the other. Thus they
were both tested together. Since the cylinder function was an exact formula, the anomalies
of a square and triangle with the same mass were compared to it when taken at the single
arbitrarily distant point, at differing step sizes (see Table 1).
In Fig. 8 we compared the anomalies across the x-axis of the different shapes.
Figure 9 shows a graph of the anomalies of the different sized squares. For completeness
we also modeled two more squares, with sides of 30 km and 60 km, and calculated the
anomaly from -200 km to 600 km. Table 2 shows the mass per unit length of the prism
versus the total area under the curve.
Figure 10 shows the anomalies from circles buried at different depths. Table 3 shows the
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Figure 8: Different Shapes, Same Center of Mass and Area
Table 2: Mass per Unit Length vs Summed Anomaly of Squares
rectangle 80x80 km 60x60 km 40x40 km 30x30 km 20x20 km
summed anomaly (mgals) 115339.3736 64883.65083 28841.9585 16226.30264 7214.092963
mass/length (kg/m) 3.2E+12 1.8E+12 8E+11 4.5E+11 2E+11
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Figure 9: Different Sized Rectangles
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Table 3: Depth vs Maximum Anomaly of Cylinders
depth (km) 30 60 90 120 150
maximum anomaly (mgals) 0.002796 0.001397858 0.000931905 0.000699 0.000559
maximum anomaly measured vs. depth, with two circles (depths 60 and 120 km) added.
Figure 11 graphs the depth vs. maximum anomaly.
The anomalies of triangles of different aspect ratios are shown in Figure 12.
Our calculated and observed anomaly for the KGH is shown in Fig. 13. We found that
offsetting our data by -50 mgals gave the best match between the curves. The average error
was 9.74%.
6 Analysis
Looking at Table 1, it can be seen that the percent error varies linearly with step size,
especially for the rectangle. We found that a step size of 10 struck a good balance between
time efficiency and minimizing error.
The anomalies of the three shapes with the same area and center of mass are extremely
similar. This shows that minor variations in the distribution of the density anomaly have
virtually no discernable effect on the resulting gravity anomaly.
Table 2 shows that for squares of differing sizes, the area under the gravity anomaly curve
is directly proportional to the total mass of the anomalous body. This is consistent with the
excess mass guidelines put forth by Telford. [1]
The maximum anomaly is graphed versus the depth of the cylinders in Fig. 11. It can
be seen that it follows a power curve. These are consistent with the maximum-depth rules
outlined by Telford. [1]
Figure 12 shows the anomalies of the triangles with different aspect ratios. The tall
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Figure 10: Cylinders of Different Depths
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Figure 11: Depth vs Maximum Anomaly
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Figure 12: Triangles of Different Aspect Ratios
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Figure 13: Kentucky Gravity Anomaly
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triangle, which has the largest concentration of mass near the surface, has the largest peak,
but it is narrow. This correlates with the anomaly seen in the circles of differing depths.
The long triangle, as well as the deep circle, have small but broad peaks. This lines up with
the proposition given before that the integral of the anomaly is directly proportional to the
total mass.
Our calculated anomaly fit reasonably well with the USGS data (Figure 13). While the
largest discrepancy was on the eastern flank, it has already been stated that interference
from the Appalachian basin renders our model unreliable in that area.
7 Conclusions
The program we coded proved accurate and reasonably easy to use. The conclusions we
drew about the nature of the non-uniqueness of the potential field proved consistent with
already established guidelines. When the program becomes hosted, it will be easily available.
MATLAB is not free; however, .m files are in a simple text format. Our program did not
use any advanced MATLAB functions, thus it is a simple matter to convert it to C++ or
Java. [12]
A few suggestions to improve the ease of use of the program are to implement a graph-
ical interface, offer more built-in shapes, streamline algorithms, and add new methods of
inputting data.
Our calculated anomaly for the KGH matched reasonably well with observed data. Im-
provements could be made by slightly modifying the model, or to include a model of the
Appalachian Basin.
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